Introduction {#sec1}
============

The protein corona of a nanoparticle describes a subset of proteins that preferentially adsorb to the surface of a nanoparticle upon administration in vivo. Formation of the protein corona creates the "biological identity" of a nanoparticle.^[@ref1]−[@ref3]^ To some extent, it is the protein corona, not the underlying synthetic surface of a nanoparticle, which the body "sees" and interacts with ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The adsorbed protein corona can, therefore, significantly influence the in vivo fate of a nanoparticle,^[@ref4],[@ref5]^ for instance, by promoting bodily clearance and/or shielding active targeting ligands displayed from a nanoparticle surface.^[@ref6]−[@ref8]^ The composition and extent of the protein corona is dependent on the "synthetic identity" of a nanoparticle (e.g., size, surface charge, chemical composition),^[@ref9]−[@ref11]^ the biological media to which the nanoparticle is exposed,^[@ref12],[@ref13]^ and the kinetics of protein binding;^[@ref14]−[@ref17]^ however, the general formation of a protein corona is believed omnipresent for all types of nanoparticles.^[@ref4],[@ref18]^

![Protein corona identification using photoaffinity-based chemoproteomics. (a) Liposomes exposed to biological medium are confronted by a wide variety of endogenous proteins, a subset of which preferentially bind to the synthetic surface of the liposome to create the biological identity of the liposome. (b) Centrifugation protocols to isolate nanoparticle protein complexes rely on efficient sedimentation and can disrupt weak protein--nanoparticle interactions, induce protein aggregation, and/or lead to the capture of large, unbound proteins. (c) Schematic representation of a PAL approach for the capture and identification of a liposome protein corona. (d) Bifunctional PAL probe, IKS02, structurally similar to common PC phospholipids.](oc9b01222_0001){#fig1}

The most common method to isolate and identify the protein corona of a nanoparticle involves sedimentation of nanoparticle--protein complexes following incubation in biological fluids, such as (human) serum or blood ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).^[@ref19]^ Depending on the density of a nanoparticle, this requires centrifugation speeds high enough (typically \>14 000*g*) to ensure enough pelleted material for subsequent characterization. However, subjecting nanoparticle--protein complexes to significant centrifugal force runs the risk of disrupting native and weak protein--nanoparticle interactions and can induce protein aggregation and/or sedimentation of large, unbound proteins.^[@ref20]^ This, in turn, leads to the capture and inclusion of false positive proteins and a biased profile of protein binding to a nanoparticle surface, often mirroring serum protein abundancy.^[@ref21],[@ref22]^ As such, while reported protein corona data sets have highlighted important general differences in serum protein binding based on, for example, nanoparticle size or surface charge,^[@ref23]^ it is not yet possible to identify key individual nanoparticle--protein interactions from the long, empirical lists of proteins typically reported. Characterizing the protein corona of liposomes and other lipid nanoparticles is especially problematic, given the low density of these lipidic particles requires higher centrifugal forces than dense (e.g., inorganic) nanoparticles. In studies involving lipid nanoparticles, the identified protein corona is typically dominated by highly abundant serum albumin and high molecular weight proteins (e.g., complement C3 and α-2-macroglobulin).^[@ref10],[@ref12],[@ref15],[@ref24],[@ref25]^

Herein, an unbiased photoaffinity labeling (PAL) method to capture the protein corona of liposomes, in their native state, is described ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). Photoaffinity labeling has been successfully applied in chemoproteomic strategies to study lipid metabolism,^[@ref26]^ identify inhibitor off-targets, and discover new small-molecule therapeutics.^[@ref27],[@ref28]^ Here, it is introduced to the field of nanotechnology and nanomedicine for the first time. Of the myriad nanoparticle-based drug delivery systems reported, liposomes are the most widely investigated and approved for clinical use.^[@ref29],[@ref30]^ In this study, we apply our photoaffinity method to three clinically relevant liposome formulations---AmBisome (anionic), EndoTAG-1 (cationic), and Myocet (neutral)---to assess the influence of liposome surface charge on protein binding. We recently described, in mechanistic detail, the biodistribution and bodily clearance of these same three liposome formulations in vivo (embryonic zebrafish).^[@ref31]^ Following photoaffinity capture and purification of the protein corona, label-free quantitative mass spectrometry revealed distinct and highly reproducible protein corona fingerprints for all three liposome formulations. In contrast to centrifugation protocols, our photoaffinity method identified only a small subset of bound serum proteins, devoid of abundant serum albumin and dominated by apolipoproteins. The dominance of apolipoproteins, adsorbed to the surface of liposomes, over more abundant serum has not before been reported.^[@ref15],[@ref32],[@ref33]^

Results {#sec2}
=======

Probes for PAL require two key features:^[@ref27]^ (1) photoactivatable chemical functionality that, upon in situ sample irradiation, can covalently cross-link to any molecule/protein in close proximity, and (2) a bioorthogonal handle for conjugation of a reporter molecule or selective pull-down of the probe--protein complex from the biological environment. Both functionalities should be small to avoid significant disruption of the native liposomal system and the potential capture of proteins that would not otherwise bind to the liposome surface. Accordingly, a PAL probe, IKS02, structurally similar to endogenous phosphatidylcholine (PC) phospholipids, was designed and synthesized via robust phosphoramidite synthetic protocols ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d and [Figure S1](#notes1){ref-type="notes"}). PC lipids are present in virtually all clinically approved liposomal formulations.^[@ref34]^ Within the PAL probe design, the zwitterionic PC lipid headgroup was maintained so as not to alter the surface charge or surface charge density of liposomes containing IKS02. Likewise, the incorporation of long-chain fatty acids (\>C12) not only mirrors chain lengths typical of most reported (clinical and experimental) liposome formulations but, given the extreme water insolubility of long chain PC lipids, largely excludes any possibility of incorporated IKS02 dissociating from a liposome membrane under physiological conditions.^[@ref35]^ Diazirine functionality was chosen as photoactivatable group given its small size and high photoefficiency.^[@ref36]^ Irradiation of diazirines with UV-A (∼350 nm) light generates a highly reactive carbene intermediate that can spontaneously react with all residues, as well as the backbone, of a surface-bound protein. We chose to install diazirine functionality at the phosphatidylcholine headgroup of the lipid probe to maximize the capture of proteins directly interacting with the liposome surface. As a bioorthogonal ligation handle, azide functionality was incorporated at the terminus of one fatty acid chain of the PAL probe. In this position, it is most likely buried within the liposome lipid bilayer, minimizing potential unwanted interactions with surface-bound proteins. Following photo-crosslinking and liposome solubilization, azide functionality was used to selectively couple the protein--lipid conjugate to either a fluorescent alkyne-Cy5 probe or an alkyne-biotin label. The latter could be used to selectively pull down and isolate the protein--lipid conjugate from the biological media. In both cases, conjugation reactions were performed using standard bioorthogonal click chemistry protocols.^[@ref28],[@ref37]^

Three liposome formulations, either approved for clinical use or under development (Myocet, AmBisome, and EndoTAG-1) were selected to test our photoaffinity method, as well as investigate qualitative and quantitative differences in the adsorbed protein corona as a function of liposome surface charge. Myocet (*lipid composition*: POPC/cholesterol −55:45, *reported size (clinical)*: 150--200 nm) is a zwitterionic, neutral liposomal-doxorubicin formulation used in breast cancer therapy.^[@ref38]^ AmBisome (*lipid composition*: DSPC/DSPG/cholesterol −53:21:26; *size*: 78 nm) is a negatively charged liposomal-amphotericin B formulation used to treat fungal infections.^[@ref39]^ EndoTAG-1 (*lipid composition*: DOTAP/DOPC -- 51.5:48.5; *size*: 200 nm) is a positively charged liposomal-paclitaxel formulation that targets the tumor vasculature.^[@ref40]^ Liposomes, formulated without encapsulated drugs and based on the lipid composition of these three formulations, were prepared by thin-film hydration and extrusion. For the photoaffinity method, IKS02 was incorporated within liposome formulations at 5 mol % (∼1 probe per 10 nm^2^ liposome surface). Dynamic light scattering and zeta potential measurements revealed all liposomes were ∼100 nm in diameter (polydispersity index (PDI) \< 0.1) and that surface charges were not significantly affected by incorporation of IKS02 ([Table S1](#notes1){ref-type="notes"}).

Next, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to resolve the protein corona fingerprint of all three liposome formulations obtained either via our photoaffinity method or via a conventional centrifugation protocol ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).^[@ref10],[@ref12],[@ref15],[@ref24],[@ref25],[@ref32]^ In all cases, liposomes were incubated in human serum at 37 °C for 1 h prior to the capture/isolation of the liposome--protein complex. For the centrifugation protocol, liposome--protein complexes were sedimented (15 min, 17 500*g*) and carefully washed to remove unbound proteins present in the supernatant. Pelleted liposome--protein complexes were dissolved in denaturing buffer, resolved by SDS-PAGE (10 μg/well), and visualized by Coomassie Blue staining ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,d). As a negative control, human serum, diluted with buffer containing no liposomes, was subjected to the same centrifugation protocol ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). From the obtained gels, only cationic EndoTAG-1 liposomes displayed a distinct and unique protein binding profile. In contrast, AmBisome (negative) and Myocet (neutral) liposomes showed very similar protein fingerprints to the serum-only control, with the clearest visible band, at ∼70 kDa, corresponding to serum albumin. These results highlight two inseparable and competing flaws of using centrifugation to isolate liposome--protein complexes from serum protein mixtures. On the one hand, efficient sedimentation of nanoparticle--protein complexes relies on a threshold particle density, either of the nanoparticle or the formed nanoparticle--protein complex. In this case, using fluorescently labeled liposomes (DOPE-LR, 1 mol %), a clearly significant fraction of liposomes remained in suspension following centrifugation (15 min, 17 500*g*) and was, therefore, excluded from subsequent characterization ([Figure S2a,b](#notes1){ref-type="notes"}). Furthermore, in all cases, the measured size of the pelleted liposomes was significantly larger than that of the original formulation ([Figure S2c--e](#notes1){ref-type="notes"}). Whether, or not, aggregation adversely affects protein corona formation is, however, unclear given the significant background of large, unbound serum proteins in the pelleted fraction. Alternatively, by increasing centrifugal speeds to achieve greater nanoparticle--protein complex sedimentation, the risk of sedimenting (large), nonadsorbed serum proteins is also increased. This is exemplified by the significant amount of resolved proteins present in the SDS-PAGE of the serum-only control ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d, far right lane).

![Liposome protein corona fingerprints resolved by gel electrophoresis. (a) Schematic representation of the centrifugation protocol. (b) Schematic representation of the photoaffinity protocol. (c) SDS-PAGE of human serum, stained with Coomassie Blue. (d) SDS-PAGE of the liposome protein coronas, as well as captured proteins of a liposome free control sample, isolated by centrifugation and stained with Coomassie Blue. (e) SDS-PAGE of the liposome protein coronas, isolated by photoaffinity method, visualizing Cy5 labeled lipid--protein conjugates by in-gel fluorescence. Unique bands highlighted with red arrows. (below) Coomassie Blue loading controls displayed as cropped images. Complete gels displaying all controls and complete Coomassie Blue stained gels displayed in [Figure S3](#notes1){ref-type="notes"}.](oc9b01222_0002){#fig2}

For the photoaffinity method, liposomes containing IKS02 were incubated in serum and subsequently irradiated (15 min, 350 nm, 15 mW cm^--2^) in situ. After covalent capture of the protein corona, liposomes were solubilized with detergent (Triton X-100). The cross-linked lipid--protein complexes were then conjugated to a fluorescent, alkyne-Cy5 probe, and the fluorescent lipid--protein complex was resolved by SDS-PAGE. In-gel fluorescence was used to reveal the subset of proteins that successfully cross-linked to the lipid probe ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,e). As negative control ("-UV"), liposomes containing IKS02 were not irradiated but otherwise processed identically. In this case, the resolved protein corona fingerprints showed distinct and unique protein profiles, both between formulations as well as compared to the resolved protein corona of the same liposomes isolated via centrifugation. In the case of cationic EndoTAG-1 liposomes, multiple unique protein bands, notably at ∼10, 28, 40, 45, and 150 kDa, were detected in the "+UV" sample exclusively. In addition, proteins, notably at ∼28 and 80 kDa, appear significantly enriched over the "--UV" background. Similarly, unique protein bands, notably at ∼20, 28, and 35 kDa, were present for the +UV AmBisome formulation. In the case of Myocet, no unique protein labeling over "--UV" background was observed, indicating a possible lack of significant protein binding. Interestingly, the band intensity for serum albumin, at ∼70 kDa, for both AmBisome and Myocet formulations, was similar for both the +UV sample and −UV control, indicating albumin may not constitute a significant proportion of the protein corona of either of these liposome formulations. Background proteins resolved in all three −UV control samples broadly followed protein abundancy patterns of human serum. This suggests background labeling is due to nonselective protein binding and can be attributed to relatively low amounts of cross-linked lipid--protein complexes compared to the total amount of protein in the sample. In addition, background labeling appeared selective for the presence of the copper click catalyst ([Figure S3](#notes1){ref-type="notes"}). This labeling was minimized by reducing the copper sulfate concentration and increasing chelating agent concentration, as described previously.^[@ref41],[@ref42]^ Although complete elimination of background labeling was not achieved, the resolved protein corona of the three liposome formulations isolated via our photoaffinity approach clearly show significant differences in both distribution and abundancy of proteins compared to both the negative (−UV) control and compared to the resolved protein corona of the same liposome formulations isolated via centrifugation.

To characterize the specific composition of the protein coronas visualized by gel electrophoresis, we performed label-free, quantitative mass spectrometry on the photoaffinity captured protein corona of EndoTAG-1, AmBisome, and Myocet liposomes. Over the past decade, label-free quantification (LFQ) has emerged as a straightforward and accurate method to quantify relative protein amounts within complex proteomic samples that do not allow for metabolic labeling, such as human blood or serum.^[@ref43]^ Recently, this method has been used to determine the abundance of proteins within the protein corona of nanoparticles isolated via centrifugation.^[@ref44]^ For each liposome formulation, six separate samples were incubated in serum and subsequently irradiated (+UV). Alongside, six control samples were incubated in serum but not irradiated (−UV). The liposomes were solubilized, and the captured lipid--protein complexes were conjugated to alkyne-functionalized biotin, followed by streptavidin-agarose bead enrichment and on-bead digestion ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). In all cases, enolase digest (50 fmol) was added to the enriched samples as an internal standard. The samples were resolved using nano ultra performance liquid chromatography mass spectrometry (nanoUPLC-MS/MS), and peptide fragments were identified and quantified based on the LFQ TOP3 approach using the ISOQuant software.^[@ref45],[@ref46]^ To gain a high accuracy for the label-free quantification, strict processing parameters were selected. These included a total of six replicates, a minimum peptide score of 6.0, as well as a minimum of three unique identified peptides per protein ([Table S2](#notes1){ref-type="notes"}). In addition and to ensure that identified proteins were consistently bound to the liposome surface, only proteins that were present in six of six (+UV) samples were considered for further analysis. All selection criteria can, of course, be modified retrospectively to meet any desired output (see [Supporting Information](#notes1){ref-type="notes"} files for fully editable raw and processed proteomic data sets). To correct for the background labeling observed in the gel electrophoresis experiments, volcano plots were constructed to identify enriched and statistically significant proteins of the protein corona ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--d). To ensure statistical significance, a ratio comparing the average relative protein quantities (expressed in ppm) of +UV versus −UV samples was plotted against its *p*-value, determined by a *t* test followed by a Benjamini-Hochberg correction. Proteins that were significantly enriched (twofold and *p* \< 0.05) over the background were selected as a true part of the protein corona. Proteins completely absent in the background were listed as "exclusive for +UV" and added to the selection. Finally, selected proteins were ranked based on abundance ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--d and [S4](#notes1){ref-type="notes"}). In addition, LFQ allows for the absolute quantification of a proteomic sample, in which the amount of the protein is calculated (in fmol) as compared to an internal standard (50 fmol enolase digest). In this case, the sum of the absolute amounts of individual proteins, background corrected and meeting the strict selection criteria, was significantly higher for cationic EndoTAG-1 liposomes than anionic AmBisome or neutral Myocet liposomes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). Indeed, the amount of protein adsorbed to the surface of Myocet liposomes was vanishingly small. These results broadly mirror total protein abundancies observed in gel electrophoresis experiments and confirm that serum protein adsorption is most prolific on cationic liposome surfaces. In contrast, precise quantitative analysis is not possible for protein coronas isolated via centrifugation methods due to the variability in sedimentation efficiency between different liposome formulations.

![LFQ identification of the liposome protein corona, isolated via photoaffinity method. (a) Schematic representation of photoaffinity labeling and enrichment for MS/MS identification of the liposome protein corona. (b--d) LFQ MS for EndoTAG-1, AmBisome, and Myocet liposomes. Volcano plots of enrichment over background (log2(+UV/--UV)) plotted against the statistical significance of this comparison (−log10(*p*-value)). Proteins meeting all selection criteria labeled in green. Proteins without background labeling are listed as exclusive for +UV. Abundance plots displaying the replicate abundancies of the top 10 proteins (ppm) within the +UV samples. Complete abundance plots containing all proteins, including −UV abundancy values and tables, can be found in [Supporting Information Figure 5](#notes1){ref-type="notes"}. (e) Absolute quantification of protein binding to EndoTAG-1, AmBisome, and Myocet liposomes. Values calculated as the average absolute amount of protein of the +UV replicates corrected for the average absolute amount of protein of the −UV replicates.](oc9b01222_0003){#fig3}

To verify the accuracy of our photoaffinity approach, we next performed a competition assay in which AmBisome liposomes, containing IKS02, were incubated in predefined mixtures of purified serum proteins together with increasing concentrations of unlabeled AmBisome liposomes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). As a defined protein mixture, apolipoprotein E (APOE, 2 μgmL^--1^), apolipoprotein A-I (APOA1, 2 μgmL^--1^)---both of which apparently bound to the surface of AmBisome---were combined with abundant but apparently nonbinding serum albumin (ALBU, 25 μgmL^--1^), transferrin (TRFE, 10 μgmL^--1^), and prothrombin (THRB, 2 μgmL^--1^). The relative concentrations of individual proteins was chosen to approximate endogenous serum protein abundance ([Table S3](#notes1){ref-type="notes"}). In the absence of any competing and unlabeled AmBisome liposomes, our photoaffiinity approach again revealed the selective binding of apoE and apoA1 to the anionic surface of AmBisome liposomes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). The relative abundancy of apoE and apoA1 on the surface of the liposomes was comparable to that observed for experiments using human serum with slight variation in absolute values likely reflecting small differences in relative protein concentrations compared to endogenous human serum. Furthermore, this experiment confirmed the complete absence of binding of more abundant serum proteins (e.g., ALBU and TRFE) to the surface of AmBisome liposomes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b).

![Validation of apolipoprotein E and A1 binding to AmBisome liposomes. (a) Liposomes were incubated in a mixture of purified human serum proteins consisting of apolipoprotein E (APOE, 2 μgmL^--1^), serum albumin (ALBU, 25 μgmL^--1^), apolipoprotein A-I (APOA1, 2 μgmL^--1^), transferrin (TRFE, 10 μgmL^--1^), and prothrombin (THRB, 2 μgmL^--1^). (b) Volcano plot of protein enrichment over background (log2(+UV/--UV)) plotted against the statistical significance of this comparison (−log10(*p*-value)). Proteins meeting all selection criteria labeled in green. Abundance plot displaying the abundancies of apoE and apoA1 within the +UV samples. (c) Competition assay of apolipoprotein E and A1 binding. Increasing concentrations (1:1 to 1:9 molar ratios) of unlabeled AmBisome liposomes were incubated, together with AmBisome liposomes, containing IKS02, in the above predefined mixture of human serum proteins. Captured apoE and apoA1 on the surface of IKS02-labeled AmBisome liposomes were separated by SDS-PAGE and visualized by in-gel fluorescence (Cy5). Protein loading determined by Coomassie Blue (coom.). Protein structures were obtained from the protein data bank (PDB): (APOE: 2L7B, APOA1: 1AV1, ALBU: 1E78, THRB: 6C2W, TRFE: 1D3K). Illustrations were generated using Illustrate.^[@ref48]^](oc9b01222_0004){#fig4}

In the presence of increasing concentrations of unlabeled but otherwise compositionally identical liposomes, our photoaffinity probe captured decreasing amounts of apoE and apoA1 bound to the surface of IKS02-labeled AmBisome liposomes ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). Importantly, this result confirmed that unlabeled AmBisome liposomes also bind, and compete for, apoE and apoA1, indicating that the incorporation of our photoaffinity probe (5 mol %) within a liposome membrane does not signifcantly affect specific serum protein binding. Again, this experiment confirmed no enrichment of ALBU, THRB, or TRFE on the surface of AmBisome ([Figure S5](#notes1){ref-type="notes"}). Analogous experiments using Myocet confirmed the complete absence of serum proteins at the surface of these liposomes, whereas for EndoTAG-1, selective binding of apoE and apoA1 was again observed ([Figure S6](#notes1){ref-type="notes"}). However, significant amounts of surface-bound THRB were not captured on the surface of EndoTAG-1, as was the case in human serum. Again, this may be due to an underestimation of the relative concentration of THRB in the predefined protein mixture, but it is noteworthy that THRB was detected here with high statistical significance (+UV vs −UV), albeit low enrichment. While we have used six biological replicates to reliably determine enrichment at a minimum of twofold over the background throughout this study,^[@ref47]^ it may be the case that proteins with high statistical significance (e.g., *p* \< 0.01) but low enrichment (e.g., ∼1.5×) should still be considered important components of the liposome protein corona.

To compare liposome protein coronas isolated via centrifugation, six replicates of each liposome formulation were incubated in human serum, centrifuged, washed, and resolved with SDS-PAGE, followed by in-gel digestion ([Figure S7](#notes1){ref-type="notes"}).^[@ref49],[@ref50]^ Following digestion, the same nanoUPLC-MS/MS methods and LFQ criteria, as for the photoaffinity labeling, were applied to identify specific, isolated proteins. Given the variability in sedimentation efficiency, isolated proteins from the centrifugation method were ranked on abundancy without background correction ([Figure S8](#notes1){ref-type="notes"} and [Tables S4--S7](#notes1){ref-type="notes"}). For all three liposome formulations, the number of individually identified proteins present in the protein corona isolated via centrifugation were higher than those identified via the photoaffinity method ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). This was most evident for EndoTAG-1 liposomes, where our photoaffinity method identified a total of 20 unique proteins compared to 100+ for centrifugation, and for Myocet liposomes, where our photoaffinity method identified just two proteins compared to 24 for centrifugation.

To further correlate identified proteins to their natural abundance, complete human serum was digested in solution, followed by identification and quantification ([Table S3](#notes1){ref-type="notes"}). With these data, the distribution of protein molecular weights and isoelectric points for both methods, and all three liposome formulations, could be compared to the protein composition of the serum sample used in this study ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c). In the case of protein molecular weight, protein coronas isolated via centrifugation methods showed similar size distributions to that of native serum. In contrast, coronas isolated via photoaffinity methods contained no proteins with a molecular weight of more than 150 kDa, with AmBisome and Myocet exclusively binding proteins less than 60 kDa molecular weight. This disparity is most likely due to the sedimentation of large, unbound proteins during centrifugation. In the case of protein isoelectric point (pI), both EndoTAG-1 and AmBisome predominantly bound acidic serum proteins (pI \< 7), irrespective of isolation method. Interestingly, there was no significant enrichment of basic serum proteins (pI \> 7) on the surface of anionic, AmBisome liposomes. Accordingly, protein pI distributions on the surface of AmBisome and EndoTAG-1 liposomes broadly follow the pI distribution of proteins in human serum, in which the majority of proteins are acidic. This also explains the high amount of total protein binding to cationic, EndoTAG-1 liposomes.

![Comparison of liposome protein coronas isolated via centrifugation or photoaffinity method. (a) Number of distinct serum proteins adsorbed to the surface of EndoTAG-1, AmBisome, and Myocet liposomes. (b) Molecular weight (in kDa) distributions of identified proteins for each liposome formulation and complete human serum. Photoaffinity samples are labeled "p" (e.g., pEndoTag), and centrifugation samples are labeled "c" (e.g., cEndoTag). (c) pI distributions of identified proteins for each liposome formulation and complete human serum. (d) Heat map displaying the abundancy of proteins associated with individual liposome formulations. For the centrifugation method, protein abundance was calculated as the average abundance (ppm) for every protein over the average total amount of protein in the sample. For the photoaffinity method, protein abundance was calculated as the average abundance (ppm) for every protein over the average total amount of protein (meeting the selection criteria).](oc9b01222_0005){#fig5}

Finally, a heat map was constructed to compare individual proteins present on the surface of each of the three liposome formulations, isolated via either centrifugation or photoaffinity methods ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). Here, the relative abundance of a protein within a sample is displayed for the top 10 most abundant proteins in human serum, as well as the top 10 most abundant apolipoproteins. From this heat map, it is clear that protein coronas isolated via centrifugation closely follow native protein abundancies in human serum, and human serum albumin (ALBU) and complement component 3 (CO3) are abundantly present in all samples, as well as in the control sample (i.e., no liposomes). In contrast, our photoaffinity method reveals the most abundant serum proteins do not constitute a significant component of the protein corona of any of the three liposomal formulations tested. Instead, isolated protein coronas are dominated by apolipoproteins. These results show that photoaffinity labeling can be used to selectively determine the protein corona of liposomes without a bias toward large abundant proteins.

Discussion {#sec3}
==========

The dominance of apolipoproteins on the surface of all three liposome formulations can be rationally explained in terms of endogenous protein function. The evolved function of soluble apolipoproteins is to bind secreted lipoproteins (e.g., HDL, LDL, VLDL, and chylomicrons), to coordinate the transport and metabolism of endogenous and exogenous (dietary) fats throughout the body.^[@ref51]^ The general structure of a lipoprotein consists of a phospholipid monolayer surrounding a solid lipid core, rich in triglycerides and cholesteryl esters. Following secretion into the bloodstream, lipoproteins can associate with various exchangeable and soluble apolipoproteins (apo), the most abundant being apoA (I, II, and IV), apoC (I, II, and III), and apoE.^[@ref51]^ Specific apolipoprotein binding to the surface of a lipoprotein is determined by the physicochemical properties of a lipoprotein, in particular, its size and curvature, as well as local environmental factors (e.g., local apolipoprotein concentrations). The changing apolipoprotein "signature" on the surface of a lipoprotein, throughout its lifecycle, dictates a lipoprotein's fate in the body. Given the natural affinity of soluble apolipoproteins for the surface of endogenous and circulating lipid nanoparticles (i.e., lipoproteins), it is perhaps unsurprising that these serum proteins also dominate the protein corona of liposomes.

At a fundamental level, our finding that virtually no serum proteins, including highly abundant serum albumin, bind to the surface of Myocet liposomes suggests that the general formation of a protein corona on a nanoparticle may not always be relevant. Likewise, the enrichment and high abundance of acidic apoE (pI 5.5) on the surface of anionic AmBisome liposomes is unexpected, although it can be rationalized by the presence of a cationic heparin binding site on the surface of apoE.^[@ref52]−[@ref54]^ Overall, while the implications of these findings on in vivo liposome fate will require comprehensive mechanistic studies in animal models,^[@ref55]^ the ability to accurately characterize and quantify the protein corona of a liposome in complex biological mixtures, prior to first injections in animals, provides a strong rationale for further in vivo experiments.

Finally, it is important to recognize the limitations of our photoaffinity method as described. Given its chemical structure, the IKS02 photoaffinity probe can only be reasonably applied to lipidic (nano)materials (e.g., liposomes, micelles, solid lipid particles, lipid-coated particles, etc.). Assuming synthetic accessibility, however, there is no reason why a bifunctional probe with separate photoaffinity and conjugation handles could not be designed for other self-assembled, organic materials (e.g., polymersomes, hydrogels, etc.). More fundamentally, however, our photoaffinity approach can only capture the hard protein corona of a liposome (i.e., proteins directly adsorbed to the nanoparticle surface) and will not resolve potentially important proteins of any (outer) "soft" corona that may form.^[@ref4],[@ref56],[@ref57]^ It is worth noting, however, that in the case of lipoprotein-bound apolipoproteins, biological function relies on direct binding of apolipoprotein to a target receptor/enzyme (e.g., apoE-LDLr mediated uptake of low-density lipoprotein (LDL) particles in hepatocytes).^[@ref51]^

In conclusion, our photoaffinity-based chemoproteomics approach enables the capture, identification, and quantification of the protein corona of a liposome in its native state. Through this approach, we have revealed liposome protein coronas that are quantitatively and qualitatively different from each other but also significantly less complex than those previously reported. While we have focused on human serum solutions in this study, the ability to capture proteins in situ provides a unique opportunity to isolate and characterize the adsorbed protein corona of a liposome, in its native state, in any ex vivo or in vitro protein sample, such as human blood or plasma, and even in vivo (e.g., using light transparent zebrafish embryos). Furthermore, light activation can be applied with high spatiotemporal resolution, offering the chance to resolve evolving nanoparticle--protein interactions in both time and space. These features represent a significant technological advance over current methods and, going forward, may enrich our fundamental understanding of the protein corona as well as its impact on nanoparticle behavior and performance in vitro and in vivo.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acscentsci.9b01222](https://pubs.acs.org/doi/10.1021/acscentsci.9b01222?goto=supporting-info).Figures and tables, materials and methods (chemical synthesis), detailed experimental chemical procedures, materials and methods (biological and proteomics), detailed procedures (biological and proteomics), NMR and HRMS spectra of chemical compounds ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01222/suppl_file/oc9b01222_si_001.pdf))Proteomic data: quantified protein lists generated using ISOQuant ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01222/suppl_file/oc9b01222_si_002.xlsx))Proteomic data: identified and quantified peptide fragments lists generated using ISOQuant ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b01222/suppl_file/oc9b01222_si_003.xlsx))
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